The compositions with tie-lines between the », ·, £, ¡, and Nb(Cr,Re) 2 phases in a ternary ReCrNb system were investigated at 1500°C by heat-treating various ternary ReCrNb alloys in vacuum for either 2 or 220 h. The microstructures of the ReCrNb alloys that had been water-quenched after heating were observed and their Re, Cr, and Nb concentration profiles were measured using an electron probe microanalyzer (EPMA).
Introduction
Ni-based single-crystal superalloys have been used as turbine rotor blades of gas turbines and jet engines. Thermal barrier coatings (TBCs) are typically used to protect the blades from the extremely hot combustion gases present, and internal cooling is also employed to reduce the temperature rise in the base material. 1) However, to enhance the thermal efficiencies of gas turbines and jet engines, the temperature of the combustion gas has continued to increase. 2, 3) Furthermore, the increase in the temperature capability of Ni-based superalloys is limited because their melting points are about 1350°C.
One alternative is the development of new Nb-based alloys for use at ultra-high temperatures, above the operating temperature of current Ni-based superalloys that do not require cooling. Niobium (Nb) has a high melting point of 2477°C and a density (8570 kg/cm 3 ) close to that of Ni. Thus, Nb-based alloys are considered a next-generation hightemperature material that can replace Ni-based superalloys. 48) However, Nb-based alloys tend to suffer from severe degradation due to high-temperature oxidation, so it is essential to develop oxidation-resistant coatings for these alloys. 9) Narita et al. proposed a diffusion barrier coating with a duplex layer structure containing an Re-based alloy phase as the diffusion barrier layer. 1012) In this coating, the diffusion barrier layer is sandwiched between the Nb-based alloy and the Al-reservoir layer. In order to elucidate the properties of the »-phase of ReCrNb as the Re-based alloy phase in this coating, phase diagrams and diffusivity information is essential. It thus becomes important to determine the structural stability of the sandwiched diffusion barrier layer. In particular, the phase diagram of Re-based alloys needs to be investigated with regards to the structural stability of the diffusion barrier coating at high temperatures subjected to increasingly high combustion gas temperatures.
In the isothermal sections of the ReCrNb system, phase structure and composition of ReCrNb alloys at 1102°C have been reported by Balykova et al. 13) However, the isothermal section at 1500°C in ReCrNb alloys has not yet been reported. In the present study, the phase equilibria and tie-line compositions of ReCrNb alloys maintained at 1500°C for either 2 or 220 h were investigated. In addition, the isothermal section at 1500°C in the ReCrNb system was experimentally determined.
Experimental Procedure
We used ReCrNb alloys with the compositions (at the time of mixing) shown in Table 1 . The starting materials used to prepare these alloy samples were Re powder (purity: 99.9 mass%, manufactured by Nilaco Co., Ltd.), Cr powder (purity: 99.99 mass%, manufactured by Nilaco Co., Ltd.), and Nb powder (purity: 99.9 mass%, manufactured by Nilaco Co., Ltd.). After weighing the powders, metal forms (¤13 mm © t 6 mm pellets weighing about 5 g) were produced by pressurization (load: 502 MPa). The metal forms were obtained by dissolution and solidification using an argon-arc melting furnace (Nissin Giken Co., Ltd., NEV-ADR-05) with a titanium getter. The resulting ingot was cut perpendicularly to obtain the alloy samples.
The arc-melted samples for the heat-treatment experiment were wrapped in tantalum foil (purity: 99.95 mass%, t 0.03 mm) in order to prevent direct contact with the quartz tube. These samples were doubly-enclosed in transparent quartz tubes (¤12 and ¤18 mm) with a reduced pressure of approximately 5 © 10 ¹4 Pa and placed in an electric furnace. The temperature inside the electric furnace was measured with an R-type thermocouple. After maintaining these at 1500°C for either 2 or 220 h, the tubes containing the samples were crushed under water to quench the samples.
After heat treatment at 1500°C for various times, the surface of the quenched samples were mirror-polished using polycrystalline diamond abrasives. Microstructural observations and quantitative elemental analysis were conducted using an electron probe microanalyzer (EPMA: JEOL Co., Ltd., JXA8200). Point analysis was performed at 1 µm intervals under EPMA analysis conditions with an acceleration voltage of 15 kV and a probe current of 3.5 © 10 ¹8 A.
Results and Discussions
The ReCrNb alloy fabricated by arc melting did not achieve homogeneity and segregates were formed by solidification across the entire sample. We discuss the results obtained in the upper part of the alloy samples where local equilibrium was achieved in all phases.
Figures 1(a) and 1(b) show the cross sectional microstructures and Re, Cr, and Nb concentration profiles measured along the lines shown on the alloy samples #1 (Re30 at%Cr60 at%Nb) and #2 (Re30 at%Cr50 at%Nb) that had been quenched in water after heat treatment at 1500°C for 2 h. In both samples, gray and dark gray regions in the cross sectional microstructure can be seen. From the concentration distribution data, these correspond respectively to the £ and Re-dissolved NbCr 2 phases. The Nb(Cr,Re) 2 phase as the ternary intermetallic compound in the ReCrNb system at 1102°C has been reported by Balykova et al., 13) and it appears to be the Nb(Cr,Re) 2 phase. In addition, within the £ and Nb(Cr,Re) 2 phases, the concentration of each element is uniform except near the £/Nb(Cr,Re) 2 interface.
Figures 2(a) and 2(b) show the cross sectional microstructures and Re, Cr, and Nb concentration profiles measured along the lines on the alloy samples #3 (Re 80 at%Cr10 at%Nb) and #4 (Re60 at%Cr25 at%Nb) that had been quenched in water after heat treatment at 1500°C for 2 h. In both samples, gray and dark gray regions can be observed in the cross sectional microstructure and concentration distribution data, which correspond respectively to the ¡ and Nb(Cr,Re) 2 phases. In addition, within the ¡ and Nb(Cr,Re) 2 phases, the concentration of each element is uniform except near the ¡/Nb(Cr,Re) 2 interface. Figure 3 shows the cross sectional microstructures and Re, Cr, and Nb concentration profiles measured along the line on the alloy sample #5 (Re30 at%Cr30 at%Nb) that had been quenched in water after heat treatment at 1500°C for 2 h. There are light-gray and dark gray regions in the cross sectional microstructure and concentration distribution data, which correspond respectively to the » and Nb(Cr,Re) 2 phases. In addition, there are reverse concentration gradients between Re and Cr in the » phase near the »/Nb(Cr,Re) 2 interface. Therefore, heat treatment experiments were conducted at 1500°C for 220 h in order to clarify the phase equilibria of each phase. Figures 4(a) , 4(b) had been quenched in water after heat treatment at 1500°C for 220 h. In both samples, there are light-gray and bright regions in the cross sectional microstructure and concentration distribution data, which correspond respectively to the · and » phases. In addition, within the · and » phases, the concentration of each element is uniform except near the ·/» interface. Based on the data shown in Figs. 16, we determined the tie-line compositions for the £, », ·, ¡, and Nb(Cr,Re) 2 phases. The results are summarized in Table 2 , where the values in parentheses show the average with the maximum and minimum deviation of the concentrations. After confirming that the Re, Cr, and Nb concentrations were uniform (i.e., within «1 at%) over the entire phase, the tieline composition was determined from the average of the measurement points within the area from 2 to 6 µm depth from in the interface. Data from the region closer to the interface were not used because of uncertainties due to the beam size (¤1 µm) of the EPMA. Figure 7 shows the isothermal section of ternary ReCr Nb system at 1500°C constructed based on the results in Table 2 . The black circles indicate the tie-line compositions of each phase whereas the thin lines connecting the black circles indicate the experimentally determined two-phase tielines. The following tendencies were observed for these results: ① The » phase has tie-lines with the £, ¡, and · phases and the phase boundary line of each phase was almost defined. ② The solubility limit of Re in the £ phase was in the range of 4445 at%Re; the Cr concentration in the » phase tie line with £ phase increased from 1.8 to 9.8 at% with increasing Cr concentration in the £ phase. ③ From the result for sample #9, the Re and Nb concentrations in the ¡ phase tie line with the Nb(Cr,Re) 2 phase were 24.6 at%Re and 4.2 at%Nb respectively, while the Re and Cr concentrations in the Nb(Cr,Re) 2 phase were 28.1 at%Re and 41.9 at%Cr. Fig. 7 , the present investigation could not define the accurate NbCr 2 Nb(Cr,Re) 2 two-phase region.
Conclusions
Using ReCrNb alloys fabricated by arc melting, heat treated at 1500°C for either 2 or 220 h, and then quenched in water, the tie line compositions of each phase at 1500°C were experimentally determined from cross sectional microstructure observations and the element concentration distribution were determined using EPMA. The following results were obtained:
(1) The phase diagram of the ReCrNb system at 1500°C was experimentally established. 
